Introduction
[2] The plasma universe is rife with examples of bursty, filamented current structures, [Alfvén, 1977; Lutsenko, 2001] particularly in the presence of a magnetic field. Examples include the solar atmosphere and corona, [Haerendel, 1987; Dere et al., 1987 ] the Earth's magnetosphere and plasma sheet, [Baumjohann et al., 1990; Chen and Wolf, 1999] as well as rocket and satellite observations of the auroral acceleration regions, [Torbert and Carlson, 1980; McFadden et al., 1999] and structure in the visible aurora [Nadubovich and Starkov, 1962; Maggs and Davis, 1968; Borovsky, 1993; Haerendel et al., 1996; Trondsen and Cogger, 1998 ]. These phenomena have analogies in other fields; lightning discharges in thunderstorms, [Wilson, 1925 [Wilson, , 1956 Uman, 1987] red sprites and blue jets, [Vaughan and Vonnegut, 1989; Rodger, 1999; Pasko et al., 2002] and chaotic filamented current structures seen in the electron gas of doped semiconductors, which also displays plasma behaviour [Brandl et al., 1990; Aoki, 2002] .
[3] In Incoherent Scatter Radar (ISR), radio waves are scattered off naturally occurring ion-acoustic waves in the Earth's ionosphere, where backscattering is sensitive to waves travelling directly towards and away from the radar. With broadening due to Landau damping, the spectrum takes on a characteristic ''double-humped'' shape. When very strong enhancements and asymmetries in the ionacoustic spectrum were reported, [Foster et al., 1988; Collis et al., 1991; Rietveld et al., 1991] attempts were made to explain the observations by the ion-acoustic mode destabilized by streaming thermal electrons. Since this explanation implies current densities an order of magnitude higher than anything reported from direct observations, [Bythrow et al., 1984] and since this instability will only enhance one shoulder at a time, current filamentation was speculated as a source of high local current density, and temporal or spatial averaging as the source of simultaneously observed enhancements of the up-and downshifted shoulders. The temporal and spatial resolution hitherto available has not been adequate to resolve such temporal or spatial averaging. A review of this phenomenon, including a summary of previous observations and their suggested theoretical explanations was recently made by Sedgemore-Schulthess and St.-Maurice [2001] .
Observations
[4] To experimentally test the hypotheses of spatial or temporal averaging when up-and down-shifted enhancements are observed simultaneously, we require increased temporal and spatial resolution. We obtain increased horizontal resolution through interferometry using time series of voltages from the two antennae. Increased temporal resolution is achieved through the use of time series from one antenna for sub-second integrations. The time series used for these two objectives are obtained with a MIDAS-W receiver system [Holt et al., 2000] . The fixed 42 m antenna is used to transmit, the 32 m antenna is pointed in the same direction (field-aligned, 181.0°azimuth, 81.6°elevation) and both antennae receive simultaneously. The baseline between the antennae is at an azimuth of 68.3°. Long pulses of 360 ms, corresponding to 57 km in range, were used. With such a setup, we have obtained examples of naturally enhanced echoes, both separately and simultaneously in the up-and down-shifted shoulders, which originate in regions much smaller than the radar beam -1.3°, or 6.75 km at 300 km, for the larger of the ESR antennae -in the horizontal direction, and oriented along the magnetic field. The scattering from these regions is bursty in nature, on one occasion increasing the total received power for the entire beam by two orders of magnitude in less than one second, and with the entire observed event lasting less than 20 seconds.
[5] Simultaneous optical observations indicate associated finely structured aurora. This will be treated in depth in a separate publication.
[6] In Figure 1 , we show how the received power (in dB) per unit frequency at the peak of the ion-acoustic shoulder varies as a function of time in three different range intervals. Data has been integrated for 0.2 s, and the event is seen to last from 06:46:12 to 06:46:28. The blue (light) line shows the maximum power in the upshifted shoulder, while the red (heavy) line shows maximum power in the downshifted shoulder. The continuous behaviour of each curve in this plot is evidence that this time resolution is sufficient for resolving the development of the scattering structure. Integration times of 50 or 100 ms do not change the overall development of the event, but the signal-to-noise ratio decreases. Any remaining temporal averaging must therefore occur on timescales shorter than 50 ms and over more than a hundred kilometres in range, which does not seem very likely. We therefore conclude that simultaneous enhancements in the up-and downshifted shoulders are not caused by temporal averaging. In the initial stages of the event the upshifted shoulder is more enhanced, while for the rest of the event the downshifted shoulder is more enhanced, particularly at higher altitudes. The way higher altitudes show more downshifted enhancement and lower altitudes more upshifted and symmetric enhancements is consistent with the observations of Rietveld et al. [1996] .
[7] In Figure 2 , we show an example of our observations, with power spectra from the two antennae and the coherence (normalized cross-spectrum) and cross-spectrum phase for a 0.2 s integration. The first panel in this figure shows the power spectra from the 32 and 42 metre antennae, on a logarithmic scale. The spectra have the same overall shape, but the 32 m antenna has a higher noise level and a lower power as expected, since the beamwidth of the 32 m antenna is greater than that of the 42 m antenna. For the same reason, when the scatterer is off-centre, the power received on the 32 m antenna can exceed that received on the 42 m antenna. The second panel shows the coherence, or normalized cross-spectrum, as well as the phase of the cross-spectrum (the crosses.) Because of the normalization, we have removed points where either of the power spectra is below a certain threshold. We can see that the stronger spectral peak is associated with a high coherence, and with a region of constant phase, which indicates that this enhanced scattering is due to a localized structure. In this particular case, the lower peak does not show similar high coherence, possibly due to a less localized structure.
Interpretation
[8] By assuming for mathematical convenience Gaussian antenna patterns G tx (q x , q y ) and G rx (q x , q y ) for the transmit/ receive and receive-only antennae with half-beam angles s tx = 0.01125 and s rx = 0.01500, (q x and q y are the angles in the direction of and perpendicular to the baseline, respectively) and likewise for the scattering structure centred at (q x0 ,q y0 ) with unequal widths in the x-and y-directions, s x and s y , respectively, we can obtain the following proportionality for the complex cross-correlation h f tx f rx *i:
where
and A = 213.481 is the distance between the antennae (128 m), measured in radar wavelengths, along the baseline x-direction (C. La Hoz et al., internal report, 2002) . When computing coherence, the tapering due to antenna patterns disappear in normalization. Even so, structures on the edge of the antenna pattern will have lower signal to noise ratio than that of a structure centered in the beam, and their observed coherence will be lower.
[9] From the expression above, a few features are immediately apparent: Smaller structures result in larger coherences, as expected, and only position and size along the baseline x direction influences the phase of the crosscorrelation. Added noise or multiple coherent scatterers will lower the observed coherence. Therefore, by calculating size under the assumptions of no noise and a single coherent scatterer at the centre of the beam, we can obtain an upper bound on the horizontal size of the structure in the direction of the baseline. This upper bound is illustrated in Figure 3 . From this figure, we can see that for a Gaussian scatterer to be observed with a coherence of 0.7 at 490 km, as in Figure 2 , it would have to be 310 m wide. We would like to point out that this is comparable to the smaller horizontal structure sizes observed in optical aurora, [Maggs and Davis, 1968; Borovsky, 1993] . Although it is only the size of the structure in the direction along the baseline which matters in expression (2), a sheet-like structure with even a small angle with the perpendicular of the baseline would have a much increased size along the baseline, resulting in no observable coherence. Therefore, our observations of coherence are due to structures concentrated along both horizontal directions, i.e. cylindrical. Figure 4 illustrates that the enhancement and the coherence occurs over more than a hundred kilometres in range, showing that the structure is much elongated along the line of sight of the radars, which is also the local direction of the geomagnetic field.
[10] An observed coherence of 0.70 arises from a cylindrical structure filling $0.3% of the beam. Correspondingly, the scattering cross-section of this structure has to be some 300 times that of a uniform scatterer to produce the same received power. Had the observed enhancement of about 20 dB in the scattering (Figures 1 and 4 ) occurred within the full antenna beam, the increase in the scattering cross section would be about 100. With the scattering volume decreased by a factor of 300 in some cases, the scattering cross section per unit volume in the filament must be larger by 4-5 orders of magnitude.
[11] A measurable coherence in both up-and downshifted peaks with equal phase in the two coherent regions as in Figure 4 indicates that the two peaks are due to scattering from the same volume. However, it is still possible that scattering from spatially separated structures may produce the two peaks with equal phase provided that they are displaced in y-direction only or are separated by an exact multiple of the interference fringe width in x-direction. We rule out these possibilities because we observe equal phase consistently whenever the coherence amplitude is high. Therefore, spatial averaging can not be the cause of simultaneous up-and down-shifted enhancements.
Conclusions
[12] This relatively simple interferometric technique with a single baseline has allowed us to establish the existence of filamentary structures on the order of 100 km long, aligned with the Earth's magnetic field, and having scale sizes in the perpendicular direction of a few hundred metres or less. Plasma instability in these filaments can increase the local scattering cross section per unit volume by 4 -5 orders of magnitude, with enhancement in either or both shoulders of the ion-acoustic spectrum.
[13] The theory of Rietveld et al. [1991] does not succeed to explain our observations, unless averaging occurs within temporal or spatial scales even smaller than those discussed in the present work. The theory by Wahlund et al. [1992] can explain enhancement of both shoulders, but requires extreme ionospheric plasma conditions, and different ion species accelerated relative to each other, a phenomenon not supported by observations. A theory which can enhance both shoulders simultaneously is the one by Forme [1999] of beam driven Langmuir turbulence, for the case where a double cascade occurs. An in-depth discussion of the available theories in the light of our observations will be carried out in a separate publication.
[14] The horizontal scale size of the observed structure is within an order of magnitude of the smaller scale sizes observed in optical aurora. The surprisingly small scale size of the filaments is best assessed in the light of Borovsky's findings [Borovsky, 1993] who, in an attempt to find an explanation to the measured scale sizes of optical aurora, thoroughly surveyed 22 auroral arc production mechanisms and concluded that none of them could explain the observed small scale. The observations presented here are an illustration of a common phenomenon in nature, namely the filamentation that occurs in several plasma contexts when there is a streaming of the plasma such as in atmospheric (lightning), solar, stellar and astrophysical plasmas.
